Background
Previous studies have shown that altered forms of MRE11, a protein known to play a vital role in DNA doublestrand break repair, DNA replication, and telomere maintenance are associated with cancer outcomes. We investigated the role of MRE11 in breast cancer in both clinical and in vitro settings.
Methods
We examined MRE11 expression in tumor tissues from invasive ductal carcinoma breast cancer patients (n = 254) by immunohistochemistry, and associations with clinicopathological characteristics and overall survival were assessed using Cox proportional hazards regression models and Kaplan-Meier survival curves. Effect of MRE11 overexpression and knockdown on cell proliferation, invasion, and radioresistance was assessed in vitro using breast cancer cell lines (MCF-7 and MDA-MB-231). We also investigated the mechanisms involved. Effect of MRE11 overexpression on tumor growth was assessed in an orthotopic xenograft model (n = 8 mice per group). All statistical tests were two-sided.
Results
Of the 254 tissue samples, 69.3% and 30.7% showed high and low MRE11 expression, respectively. High MRE11 expression was statistically significantly associated with malignant cancer behavior compared with low MRE11 expression (eg, stages III and IV vs stage I, P = .004; poor overall survival, P = .005). MRE11 overexpression in breast cancer cell lines promoted cell proliferation through STAT3, cell cycle entry, invasion and migration, and radioresistance via enhanced DNA repair activity and also inhibited apoptosis; knockdown of MRE11 had the opposite effect. In xenograft tumor-bearing mice (n = 8 per group), increased tumor growth was observed in the MRE11-overexpressing group compared with the control group (tumor volume at week 8 
Conclusion
High MRE11 expression was associated with a more malignant behavior in breast cancer. MRE11 may be a novel oncoprotein and may therefore serve as a new therapeutic intervention against breast cancer.
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Breast cancer is the leading malignancy in women worldwide and still continues to grow at a rapid pace. Various risk factors for breast cancer have been identified, including age, early menarche and late menopause, exogenous hormone usage, familial history, geographic location, increased breast density, lifestyle, nulliparity and older age at first delivery, obesity after menopause, and radiation exposure (1) (2) (3) (4) . however, the underlying molecular mechanisms for breast cancer are still poorly understood, and further investigation is merited in order to improve breast cancer prevention, treatment, and prognosis. DNA repair process is essential for maintenance of genomic integrity, and it becomes activated when DNA damage occurs, thus making it an essential component for cell survival and functioning (5, 6) . DNA double-strand breaks (DSBs) are one of the major threats to genomic integrity-causing chromosome breaks, deletions, and translocations-events frequently observed in cancer cells (6) (7) (8) . DSBs are repaired by either one of two mechanistically distinct pathways, namely homologous recombination and nonhomologous end-joining (NheJ) pathways (9) (10) (11) (12) . mre11/rAD50/NBS1 (mrN) nuclease complex is involved in both homologous recombination and NheJ pathways (13, 14) , and upon ionizing radiation, mre11 (meiotic recombination 11 homolog A; also known as mre11A), rAD50, and NBS1 (also known as nibrin) colocalize to the DSB sites and form distinct repair foci (15, 16) . other than its roles in DSB repair and coordinating checkpoint response, mrN complex also plays a vital role in DNA replication and maintenance of telomeres, which are linked to cellular immortalization and neoplastic formation (17, 18) . mre11, a core protein of the mrN repair complex (13, 14) , is also involved in the recruitment and activity of telomerase (19) (20) (21) , and null mutation in MRE11 leads to murine embryonic stem cell death (22) . Furthermore, mre11 is highly expressed in proliferating tissues as well as proto-oncogene simian virus 40 large t antigen-immortalized cardiomyocytes (23, 24) . therefore, it is presumably possible that other than its function in DSB repair, mre11 may also facilitate the development of human cancers under certain circumstances.
In this study, we explored the involvement of mre11 protein in breast cancer development in vitro and in a mouse model in vivo. We also investigated the underlying mechanisms.
Materials and Methods

Patient Samples
Surgically treated female breast cancer patients (n = 254) with confirmed pathology of invasive ductal carcinoma were included, and .45 † P values were calculated using a two-sided χ 2 test. ‡ Staging was based on the AJCC TNM staging system (1). § Grading was based on the Modified Bloom-Richardson Grading Scheme (26) .
JNCI | Articles 1487 jnci.oxfordjournals.org their clinicopathological characteristics are summarized in table 1. the breast cancer tissues were obtained from the patients when undergoing surgical treatment at the Department of Surgery, Kaohsiung medical university hospital, during the period from 2006 to 2010. All the patients received primary treatment by surgery followed by adjuvant radiotherapy, chemotherapy, or hormone therapy. the ethics committee approved the study, and informed consent was obtained from each patient. the histological types and grades of the primary tumors were determined according to a system modified from the Who classification and the modified Bloom-richardson Grading Scheme, respectively (25, 26) , whereas the staging was according to the AJCC tNm staging system (1). We obtained data on estrogen receptor (er) and progesterone receptor (Pr) status, which was analyzed by immunohistochemical staining, and her2 staining was evaluated by the standard hercept test procedure (Dako 5204). Chemotherapy consisted of six cycles of fluorouracil, epirubicin, and cyclophosphamide or six cycles of docetaxel, epirubicin, and cyclophosphamide. hormonal therapy, usually tamoxifen and anastrozole, was administered to patients who were er positive.
Tissue Microarray and Immunohistochemical Analysis
All tissues for tissue microarray were obtained from formalinfixed, paraffin-embedded tissue blocks. Slides from hematoxylineosin-stained sections were reviewed by a pathologist to select representative areas of tumor and normal regions for core punches within the primary paraffin block by the technicians. the construction of the tissue microarray was performed using Alphelys Arraying Device (Alphelys, Plaisir, France), as described before (27) .
Five-micrometer sections were cut from the recipient tissue microarray block by using a microtome with an adhesive-coated tape sectioning system (Alphelys). the detailed protocol for immunohistochemical analysis has been described elsewhere (28) . Goat anti-human mre11 polyclonal antibody (dilution 1:100) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA), and the same antibody was also used for immunoblotting. Images of immunohistochemically stained sections were captured by the Nikon e600 microscope (Nikon, tokyo, Japan) and then processed by Adobe Photoshop 6.0 (Adobe System Incorporated, San Jose, CA). Notably, only the nuclear staining of mre11 in tumor cells (about 1000 cells in three to four high-power fields) was counted. the results for mre11 staining were stratified into quartiles for statistical analysis on the basis of the percentage of positively stained cells (score 1, ≤25% positive cells; score 2, 26%-50% positive cells; score 3, 51%-75% positive cells; and score 4, ≥76% positive cells). For further statistical analysis, scores 1 and 2 were categorized as low expression, and scores 3 and 4 were categorized as high expression. the staining was determined separately for each specimen by two independent experts simultaneously under the same condition. In rare cases, discordant scores were reevaluated and scored on the basis of consensual opinion.
Cell Culture human breast cancer cell lines (mDA-mB-231, mCF-7, Zr75-1, and t47D) used in this study were cultured according to the instructions from the American type Culture Collection (AtCC, manassas, VA) and were grown respectively in Leibovitz's L-15 medium for mDA-mB-231, minimum essential medium (mem) for mCF-7, or Dulbecco's modified eagle medium (Dmem) for Zr75-1 and t47D. the genotypes and phenotypes of the cell lines were authenticated by Bioresource Collection and research Center, taiwan (www.bcrc.firdi.org.tw). All media were purchased from Invitrogen (Carlsband, CA) and were supplemented with 10% (vol/vol) fetal bovine serum (FBS) (hyclone, Logan, ut) and antibiotics (100 units/mL penicillin, 100 µg/mL streptomycin, and 2.5 µg/mL amphotericin B) (Biological Industries, haemek, Israel). In addition, human renal epithelial cells (293t) were maintained in Dmem supplemented with 10% FBS and antibiotics (above concentrations). All cells were grown and maintained at 37°C in a 5% Co 2 incubator (thermo electron Corp, New Castle, De).
Transient Transfection Using MRE11-Specific shRNA for MRE11 Knockdown three short hairpin rNA (shrNA) target sequences for human mre11 (shrNA1, 5′-GCtGCGtAttAAAGGGAGGAA-3′; shrNA2, 5′-GCCCACAtCtttAttGAACtt-3′; and shrNA3, 5′-tAAGAGACAGACACttGGttA-3′) (National rNAi Core Facility, Academia Sinica, taiwan) were tested in mCF-7, t47D, and mDA-mB-231 breast cancer cells for mre11 silencing. the double-stranded shrNA oligonucleotides were cloned into the pLKo.1-hairpin lentiviral vector. A control shrNA unrelated to human sequences was used as a negative control (ShC002, Sigma, St Louis, mo). Lentiviruses were prepared by transfecting three plasmids (the packing plasmid pCmV8.91, the envelope plasmid pmD.G, and mre11-shrNA plasmid pLKo.1) (National rNAi Core Facility) into 293t cells using Lipofectamine 2000 (Invitrogen, Carlsband, CA), according to the manufacturer's protocol. Viral soup was collected continuously for 3 days after transfection. For the best effective mre11 knockdown without cytotoxicity and off-targeting effect, mDA-mB-231 cells were transfected by the lentivirus at a range of 50-100 multiplicity of infection. the transfection efficiency of lentiviral mre11-shrNA in mDA-mB-231 cells was high (mean [SD]% of cells transduced = 97.50 [0.51]%). mre11-shrNA and control shrNA transfectants were examined for mre11 expression by immunoblotting. Notably, we could not obtain any stable clones of mDA-mB-231 cells with mre11 knockdown from three rounds of clonal selection experiments. For all subsequent experiments, mre11 knockdown clones were used 3 days after transfection because optimal knockdown of mre11 expression was observed at this time point.
Stable Transfection of a Plasmid Construct for MRE11 Overexpression MRE11 gene was cloned into preceiver-m03 (Genecopoeia, rockville, mD) vector backbone for fusion with the GFP reporter gene. the vector also contained the neomycin resistance gene. mCF-7 cells (5.8 × 10 5 ) were seeded on a 6-cm dish (Corning Life Sciences, Corning, Ny) and incubated at 37°C overnight. Lipofectamine LtX (Invitrogen, Carlsband, CA) was used for transfection. the cells were grown in G418 (A.G. Scientific, San Diego, CA) at 800 μg/mL for stable clone selection. Selected stable clones were maintained in the growth medium with G418 at 500 μg/mL. mre11-GFP expression in the stable clones was determined by immunoblotting and densitometric analysis using a uVP BioSpectrum 500 imaging system (uVP LLC, upland, CA). the stable clones were categorized into relatively high, moderate, or low expression of mre11-GFP and used for further experiments. Also, two clones stably transfected with empty vector and confirmed by immunoblotting were used as control for further experiments.
Cell Viability Assay
For cell viability assay, mDA-mB-231 cells with mre11 transient knockdown (1 × 10 5 cells per well in six-well culture plate) and mCF-7 cells with stable mre11 overexpression (1 × 10 5 cells per well in six-well culture plate) were treated with trypsin-eDtA (Invitrogen, Carlsband, CA) and resuspended in 100 μL medium, mixed thoroughly with 100 μL of 0.4% trypan blue (Invitrogen, Carlsband, CA), and incubated at room temperature for 15 minutes. total cell count and viability data were obtained using an automated cell counter, Countess (Invitrogen), according to the manufacturer's instruction. three independent experiments were performed in triplicate.
XTT Colorimetric Assay
Cell viability and proliferation of mDA-mB-231 cells with mre11 transient knockdown and mCF-7 cells with stable mre11 overexpression (5 × 10 3 cells per well in 96-well culture plate for each cell line) were determined by tetrazolium salt 2,3-bis[2-methyloxy-4-nitro-5-sulfophenyl]-2h-tetrazolium-5-carboxanilide (Xtt) assay (roche Applied Science, Indianapolis, IN). At different time points after seeding, the culture medium was removed and Xtt assay was performed by measuring the optical density (oD) at 490 nm and subtracting the nonspecific background at 650 nm (oD 490-650 nm ); we have described the details in a previous article (29) . three independent experiments (five replicates in each) were performed.
to study the effect of StAt3 inhibition on cell viability, mCF-7 cells with stable mre11 overexpression (5 × 10 3 cells per well) were treated with 10 µm Stattic (tocris Bioscience, Bristol, uK), a specific inhibitor of StAt3 phosphorylation and dimerization, for 24 hours (29) . three independent experiments (five replicates in each) were performed. cells per well) were seeded onto the eight-well chamber Labtek II slide (Nunc) and were fixed in 4% paraformaldehyde (Sigma, St Louis, mo) for 15 minutes and permeabilized with 0.2% triton X-100 (Sigma) in PBS for 5 minutes. Cells were washed with PBS and incubated with 200-μL tuNeL stain-specific buffer for 1 hour at 37°C. the tuNeL reactions were terminated by washing the cells with washing buffer for 5 minutes three times at room temperature. Apoptotic cells (dark brownish color) were counted under a light microscope (te2000u, Nikon, Japan). three independent experiments were performed, and 1000 cells were counted for tuNeL positivity in each experiment.
Apoptosis Assays
Cell Cycle Analysis measurements of cell cycle distribution were performed by flow cytometric analysis. Briefly, mDA-mB-231 cells with mre11 transient knockdown or mCF-7 cells with stable mre11 overexpression were plated on six-well plates (Corning Life Sciences, Corning, Ny). At 80% to 90% confluence, the cells were treated with trypsin-eDtA, fixed in 75% ethanol (Sigma, St Louis, mo), and stored at −20°C for at least 30 minutes. Before analysis, cells were permeabilized with tritonX-100 and stained for 30 minutes at 37°C with PBS containing 50 μg/mL propidium iodide and 4 ku/mL rNase (BD Biosciences, San Jose, CA). the cellular DNA content was measured using the FACScan flow cytometer (BD Biosciences), and cell cycle distribution was calculated using the Winmdi 2.8 software (J. trotter, Scripps research Institute, La Jolla, CA). three independent experiments were performed.
Immunoblotting Analysis
Immunoblotting was performed as described in a previous article (30) . the chemiluminescent signal was captured by uVP BioSpectrum 500 imaging system (uVP LLC, upland, CA). the following polyclonal antibodies were used: goat anti-human mre11 (1:1000 dilution), rabbit anti-human rAD50 (mouse polyclonal, 1:1000), and pStAt3 Ser-727 (rabbit polyclonal, 1:1000) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA); rabbit anti-human CDK6 (1:1000 dilution), rabbit anti-GFP (1:1000 dilution), mouse anti-human StAt3 (1:1000 dilution), chicken anti-human c-myC (1:1000 dilution), rabbit anti-human ACtB (1:2000 dilution), and hrP-conjugated goat anti-rabbit and anti-mouse antibodies were obtained from Genetex (Irvin, CA). the following monoclonal antibodies were used: mouse anti-human CDK4 (1:1000 dilution) and rabbit anti-human pStAt3 tyr-705 (1:500 dilution) were obtained from Cell Signaling technology (Beverly, mA); rabbit anti-human BCL2L1 (1:1000 dilution), mouse anti-human NBS1 (1:1000 dilution), mouse anti-human rB1 (1:1000 dilution), and rabbit anti-human γ-h2AX (1:1000 dilution) were obtained from Genetex (Irvin, CA).
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Anchorage-Independent Soft Agar Assay Colony formation in soft agar was performed by the following protocol (www.lbl.gov/lifesciences/BissellLab/labprotocols/softagar. htm) with minor modification. Briefly, mem mixed with 0.5% agar (Sigma, St Louis, mo) was paved onto 6-cm dishes (Corning Life Sciences) and allowed to solidify. the dishes were overlaid with mre11-overexpressing mCF-7 cells (2 × 10 4 , 1 × 10 4 , or 5 × 10 3 cells) in mem with 5% FBS and 0.3% agarose. Cultures were maintained for 15 days and replenished with 1 mL of mem supplemented with 5% FBS every 2-3 days. Consequently, colonies were fixed with 75% ethanol and then stained with 0.005% crystal violet (Sigma) for 1 hour. mre11-overexpressing mCF-7 cell colonies (>1 mm in diameter, about 50 cells) were counted using a light microscope (Nikon, tokyo, Japan) (31) . three independent experiments were performed.
In Vivo Orthotopic Breast Tumor Growth in a Mouse
Model to study the effect of mre11 overexpression on xenograft tumor growth, a 1.7-mg β-estradiol pellet with 60-day release (Innovative research of America, Sarasota, FL) was implanted subcutaneously in each female nonobese diabetic/severe combined immunodeficient (NoD/SCID) mouse aged 6-8 weeks (National Laboratory Animal Center, tainan, taiwan) to support the mCF-7 tumor growth (n = 16 mice). A power calculation was not done to determine the sample size, and the primary objective was to compare tumor sizes between the two groups and determine the time course of tumor development. NoD/SCID mice (n = 8 per group) were randomly divided into two groups at 1 week after the implantation of β-estradiol pellet. Vector control or mre11-overexpressing mCF-7 cells (8 × 10 6 ) were suspended in matrigel (BD Biosciences, San Jose, CA) and injected into the mammary fat pads of the mice. tumor sizes were measured every week by one author (Cyh), who was blinded to the groups and randomly chose mice from control or experimental groups. the tumor volumes were calculated according to a standard formula (width 2 × length/2). mice were killed by cervical dislocation after week 8, following the terms of the original protocol.
All experiments using mice were performed according to the guidelines of the Animal Committee and with ethics approval from the institutional review board of e-Da hospital/I-Shou university, taiwan.
Wound-Healing Assays mDA-mB-231 cells with mre11 transient knockdown and mCF-7 cells with stable mre11 overexpression (1.5 × 10 5 cells per well in 12-well culture plate for each cell line) were plated on the coverslips placed in 12-well culture plates in their respective complete culture medium and grown to confluence overnight. A wound was made by scraping with a sterilized 200-mL pipette tip in the middle of the cell monolayer, and the cells were allowed to migrate to the denuded area for 24 hours for mDA-mB-231 cells or 48 hours for mCF-7 cells. Cell migration was visualized by magnification and photographed using Nikon eclipse 80i (Nikon, tokyo, Japan) light microscope. the wound area was measured by the program Image J software (NIh, Bethesda, mD). the percentage of wound closure was estimated by the following equation: Wound closure % = [1 − (wound area at T t /wound area at T o )] × 100%, where T t is the time after wounding and T o is the time immediately after wounding. three independent experiments were performed.
Transwell Invasion Assays
In vitro cancer cell invasion assay was performed using a 12-well transwell insert with 8-μm pore size and coated with matrigel (Corning Life Sciences, Corning, Ny). the upper wells of the inserts were coated with 100-μL matrigel (1 mg/mL) (BD Bioscience, San Jose, CA) and polymerized at 37°C for 4 hours. the coating was then rinsed once with serum-free medium. mDA-mB-231 cells with mre11 transient knockdown or mCF-7 cells with stable mre11 overexpression (1 × 10 5 cells) in 0.2-mL serum-free medium were added to the upper well; the bottom chamber contained growth medium with 10% FBS. After incubation for 48 hours, cells in the top well were removed by peeling off the matrigel and swiping the top of the membrane with cotton swabs. Cells on the underside of the membrane were stained with 0.4 g/L crystal violet (Sigma, St Louis, mo) and counted by light microscopy based on five-field digital images taken randomly at 200× magnification. three independent experiments were performed.
Gelatin Zymography Analysis
Gelatin zymography is mainly used for the detection of two matrix metalloproteinases (mmPs; also known as gelatinases), mmP-2 and mmP-9 (32). mDA-mB-231 cells with mre11 transient knockdown or mCF-7 cells with stable mre11 overexpression were plated in 24-well plates (5 × 10 5 cells per well) in 0.5 mL of growth medium and allowed to attach at 37°C. Conditioned media were collected at 48 hours after incubation, cleared by centrifugation at 13 000g for 10 minutes at 4°C, and stored at −80 o C until gelatin zymography analysis was performed. Cell number was determined after staining with 0.4 g/L crystal violet. Briefly, media samples were electrophoresed on a 7.5% SDS-PAGe containing 0.1% gelatin obtained from porcine skin (Sigma). the volume of each medium sample analyzed was normalized based on cell number. At the end of electrophoresis, gels were washed in 2.5% triton X-100 (Sigma) for approximately 45 minutes with a change of solution and in a reaction buffer (50 mm tris-hCl [ph 8.0], 5 mm CaCl 2 , 0.02% NaN 3 ) for 30 minutes. Gels were incubated in the reaction buffer at 37 o C for about 20 hours, then stained with 0.25% Coomassie brilliant blue r-250 (Sigma) in 10% acetic acid and 30% ethanol, and destained in the same solution without the dye. Quantification of gelatinases was achieved by computerized image analysis using uVP BioSpectrum 500 Imaging System (upland, CA). three independent experiments were performed.
Assays After Ionizing Radiation Treatment of Breast
Cancer Cells mCF-7 cells with stable mre11 overexpression were grown on culture plates until they reached 70%-80% confluence and then irradiated 1-20 Gy (3 Gy per minute) at room temperature using a 6-mV linear accelerator (eLeKtA-Sli, Norcross, GA) at the Department of radiation oncology, e-Da hospital. the cells were then incubated at 37°C for 3 hours before performing further experiments.
Phosphatase Treatment. Phosphatase treatment of protein lysates was conducted as previously described (33) . the lysates were then placed on ice and were subjected to immunoblotting analysis immediately.
Immunofluorescence Analysis of MRE11-GFP and γ-H2AX. mCF-7 cells with stable mre11 overexpression (2 × 10 3 cells per well) were grown on eight-well chamber Labtek II slide (Nunc, rochester, Ny), and after 10-Gy γ-irradiation (3 Gy per minute), the medium was removed and the cells were fixed with 3% paraformaldehyde at room temperature for 20 minutes. to block nonspecific binding, cells were incubated with the blocking buffer (1% bovine serum albumin and 0.5% of triton-X 100 [Sigma, St Louis, mo] in PBS) for 1 hour at room temperature. After washing with PBS, cells were incubated with rabbit anti-γ-h2AX antibody (dilution 1:200) (Genetex, Irvine, CA) for 1.5 hours followed by texas red-conjugated secondary antibody (dilution 1:500) (Santa Cruz Biotech, Santa Cruz, CA) for 45 minutes. Nuclei were stained with 4,6-diamidine-2-phenylindole, dihydrochloride (DAPI; dilution 1:1000) (Invitrogen, Carlsband, CA) for 5 minutes at room temperature. Slides were mounted with immunofluorescence mounting medium (DakoCytomation, Carpinteria, CA), and nuclear foci for mre11-GFP and γ-h2AX were visualized under an immunofluorescence scanning microscope system (Zeiss Axioskop; Carl Zeiss Poughkeepsie, Ny). For each sample in this experiment, 50-200 cells were scored. Positive cells were defined as containing three or more nuclear foci. Quantification of staining intensity was done with Adobe Photoshop 7.0 (Adobe System Incorporated, San Jose, CA) and normalized to the number of analyzed cells. three independent experiments were performed.
Neutral Comet Assay. Irradiation-induced DSBs in mCF-7 cells with stable mre11 overexpression were determined by neutral comet single-cell gel electrophoresis (34) (35) (36) , according to the manufacturer's protocol (trevigen, Gaithersburg, mD), and the procedure has been described in a previous article (37) . Comet tail produced by DNA damage in the individual cells was visualized under a fluorescence microscope and automatically quantified using the Comet Assay Software Project (CASP) image analysis software (CASP-1.2.2; university of Wroclaw, Poland). tail moments with the definition of [(tail mean − head mean) × (% tail DNA/100)] were automatically calculated. three independent experiments were performed, and more than 50 consecutive cells were quantified for each data point.
Colony-forming Assay. Following 1-10 Gy irradiation (3 Gy per minute), mCF-7 cells (2 × 10 4 cells per 35-mm culture dish) with stable mre11 overexpression were incubated at 37°C for 14 days. the cells were then washed twice with PBS and stained with 0.1% crystal violet for 15 minutes before counting. Clusters of at least 50 cells were scored as colonies, and all the colonies on the 35-mm culture dish were counted. three independent experiments were performed.
Statistical Analysis
Comparisons between mre11 high-expression and low-expression groups for tumor stage, tumor grade, age at diagnosis, tumor size, lymph nodes status, recurrence, er status, Pr status, and her2 status were done by the two-sided χ 2 test. Survival curves were generated using the Kaplan-meier estimates, and the statistical significance of difference between curves was evaluated by the two-sided log-rank test. Furthermore, hazard ratios (hrs) and 95% confidence intervals (CIs), which were computed from univariate and multivariable Cox proportional hazards regression models (approximate proportionality was verified by visual examination of the Kaplan-meier estimates), were used to assess associations between overall survival and clinicopathological characteristics. two-sided Student t test was used for in vitro and mouse xenograft studies. All of the statistical analyses were performed using the SPSS 14.0 statistical package for PC (SPSS, Chicago, IL). All P values less than .05 were considered statistically significant.
results
Association of MRE11 Expression in Breast Cancer
Tissues With Clinicopathological Characteristics and Prognosis mre11 expression in cancer tissues (n = 254 patients) was examined by immunohistochemistry and stratified into four scores (quartiles) for statistical analysis (score 1, n = 24 patients; score 2, n = 54 patients; score 3, n = 76 patients; and score 4, n =100 patients). Based on the scores, tissues were further categorized into high (scores 3 and 4; 69.3%) and low (scores 1 and 2; 30.7%) expression groups ( Figure 1, A and table 1 ). When compared with the adjacent normal mammary gland tissues, cancer tissues had a low nuclear mre11 expression (Figure 1, A) , which was consistent with previous studies (38) (39) (40) .
Next we examined the associations of mre11 expression with clinicopathological characteristics of malignant cancer behavior. Patients were followed for a median period of 40 months (range = 5-68 months). Increasing scores of mre11 expression were associated with increasingly worse survival, and patients in the score 4 group had the worst survival compared with patients in the score 1 group (hr of death = 3.96, 95% CI = 0.48 to 32.7, P = .005) (Figure 1, B) . high mre11 expression was statistically significantly associated with a number of clinicopathological variables including cancer stage (P = .004), tumor grade (P = .026), tumor size (P < .001), lymph node metastasis (P < .024), and higher recurrence rates after radiotherapy (P < .010) and chemotherapy (P < .035) ( (table 2) . Similar results were observed for the analysis of disease-free survival by multivariable analysis (Supplementary table 1, available online) .
We further analyzed the associations of overall survival with high vs low mre11 expression and according to er status by Kaplan-meier survival curves. Patients in the high mre11 expression group had a statistically significantly poorer overall survival than patients in the low mre11 expression group (adjusted hr of death = 4.43, 95% CI = 1.21 to 16.25, P = .015) (Figure 1, C) , and er − group had a poorer overall survival than er + group (hr of death = 4.90, 95% CI = 1.46 to 16.45, P <. 001), respectively (Figure 1, D) . We further analyzed the combined association of mre11 expression and er status with overall survival by Kaplanmeier survival curves. Patients with both er − status and mre11 high expression had the worst overall survival (mre11 high and er − vs mre11 low and er + , hr of death = 6.91, 95% CI = 1.57 to 30.47, P < .001) (Figure 1, e) . Similar results for disease-free survival were observed (Supplementary Figure 1, available online) .
Next we studied the effect of mre11 expression on patient survival after adjuvant radiotherapy, chemotherapy, and hormone therapy by Kaplan-meier survival curves. Although mre11 high expression in cancer tissues was associated with worse survival rates after radiotherapy or chemotherapy (P = .012 and P = .031, respectively), it had no effect on patient survival after hormone therapy (P = .19) (Figure 2 ). Similar outcomes for disease-free survival after adjuvant radiotherapy, chemotherapy, and hormone therapy were also observed (Supplementary Figure 2, available online) . We also analyzed the combined association of radiotherapy and chemotherapy on disease-free survival and overall survival by Kaplan-meier BMI =body mass index; ER =estrogen receptor; PR =progesterone receptor; HR = hazard ratio; CI = confidence interval; -= not applicable. † Variables with P values less than .10 in the univariate analysis were included in multivariable analysis. ‡ Two-sided P values were calculated using a univariate Cox proportional hazards regression model. § Two-sided P values were calculated using a multivariable Cox proportional hazards regression model.
Staging was based on the AJCC TNM staging system (1). ¶ Grading was based on the Modified Bloom-Richardson Grading Scheme (26) .
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Effect of Knockdown and Overexpression of MRE11
Expression on Cell Viability, Cell Proliferation, Apoptosis, Cell Cycle, and Signaling In Vitro Because high mre11 expression was associated with clinically malignant breast cancer, we further explored the effect of mre11 expression on breast cancer cell behavior in vitro. We analyzed the expression of mre11 in different breast cancer cell lines (t47D, mCF-7, Zr75-1, and mDA-mB-231) by immunoblotting and found that mre11 expression is generally expressed in different breast cell lines and did not show a substantial difference in expression levels among these cell lines (Supplementary Figure 4 , A, available online).
Knockdown of mre11 expression in mCF-7, mDA-mB-231, and t47D cells was conducted using three lentivirus-based shrNA constructs; mDA-mB-231 cells and shrNA1 were chosen for further study based on silencing efficiency (data not shown).
Next we examined the effect of mre11 knockdown on cell viability using trypan blue staining and Xtt assay. We observed a statistically significantly reduced number of viable mDA-mB-231 cells when mre11 expression was inhibited compared with vector control (trypan blue stain, control vs mre11 knockdown, (Figure 3, A) . Annexin-V and tuNeL assays showed a statistically significant increase in apoptosis in mDA-mB-231 cells with mre11 knockdown compared Figure 2 . Overall survival of breast cancer patients in the MRE11 low and high expression groups according to adjuvant treatment. We included 78 patients in the MRE11 low group and 176 patients in the MRE11 high group. Analysis was done using Kaplan-Meier method. The hazard ratios and 95% confidence intervals were calculated using a multivariable-adjusted Cox model, and the P values were calculated using a two-sided log-rank test. A) Survival analysis according to administration of adjuvant radiotherapy. B) Survival analysis according to administration of adjuvant chemotherapy. C) Survival analysis according to administration of adjuvant hormone therapy. HR = hazard ratio; CI = confidence interval. with vector control (annexin-V stain, P = .001; tuNeL, P = .023) (Figure 3, B) . the effect of mre11 silencing on cell cycle distribution was examined by flow cytometry. Knockdown of mre11 showed a statistically significant increase in cell cycle arrest at the G0/G1 phase (P = .003) and decreased number of cells at the S phase (P = .004) compared with vector control (Figure 3, C) . therefore, we examined the expression of regulatory proteins required for G1 to S transition by immunoblotting. the levels of phosphorylated rB1 and total CCND1, CDK4, and CDK6 were reduced in mre11-silenced mDA-mB-231 cells (Figure 3, D) .
Because high expression of mre11 in patient tissues showed a statistically significant association with malignant cancer behavior, we generated stably overexpressed mre11-GFP construct in mCF-7 cells, which is a less malignant breast cancer cell line than mDA-mB-231, to further study the biological effects of mre11. Quantitative assessment of cell proliferation by Xtt assay revealed a statistically significant increased proliferation at day 3 in cells with high, moderate, and low levels of mre11-GFP expression compared with vector control (GFP only) (high mre11 vs vector control, mean [oD 490-650 nm ] = 0.452, 95% CI = 0.445 to 0.458 vs mean [oD 490-650 nm ] = 0.368, 95% CI = 0.359 to 0.377, P < .001; moderate mre11, P = .001; and low mre11, P = .016) (Figure 3, e) . A statistically significant decrease in G0/G1 phase for high and moderate mre11-GFP expression (high, P = .013; moderate, P = .040) and a statistically significant increase in S phase (high, P = .046; moderate, P = .049) and G2/m phase (high, P = .038) were observed compared with vector control (Figure 3,  F) . We examined the expression levels of G1-S transition proteins by immunoblotting analysis and found increased levels of phosphorylated rB1, and total CDK4, CDK6, and CCND1 in high mre11-GFP-expressing mCF-7 cells compared with vector controls (Figure 3, G) .
We also tested the effect of mre11 overexpression on cell viability using mDA-mB-231 cells transiently transfected with mre11 construct. overexpression was confirmed by immunoblotting, and an Xtt assay showed that cell viability after transfection for 3 days was statistically significantly increased compared with vector control (P = .005) (Supplementary Figure 4 , B, available online). We also examined the effect of mre11 knockdown on mCF-7 cell viability by transient transfection of lentivirus-based mre11 shrNA construct. Knockdown of mre11 expression was confirmed by immunoblotting, and an Xtt assay showed that mCF-7 cell viability after transfection for 3 days was statistically significantly decreased compared with their respective control vector (P = .016) (Supplementary Figure 4, C, available online) . the results indicate that mre11 may have similar effects on other breast cancer cells.
Activated StAt3 signaling promotes cell proliferation and prevents apoptosis (41) , and treatment with Stattic, a small-molecule inhibitor of StAt3 activation, induces apoptotic cell death (29) . In this study, we analyzed the effect of mre11 overexpression on StAt3 activity by immunoblotting analysis. mre11-GFP overexpression in mCF-7 cells resulted in an increase in of the level of phosphorylated StAt3 at tyrosine-705 and serine-727 residues (Figure 3, h) . It is known that c-myC, CCND1, and BCL2L1 are direct transcriptional targets of StAt3 (41) . these downstream targets were overexpressed in cells expressing high and moderate levels of mre11 compared with low levels of mre 11 and vector control (Figure 3, h ). When treated with Stattic, the level of StAt3 phosphorylation at both tyrosine-705 and serine-727 residues and the total level of c-myC, CCND1, and BCL2L1 were reduced (Figure 3, h) . In an Xtt cell viability assay, treatment with Stattic statistically significantly suppressed cell viability in mCF-7 cells with high mre11-GFP expression (cell viability [%] after Stattic treatment vs no treatment [as 100%], high mre11 vs vector, mean = 27.4%, 95% CI = 22.8% to 32.0% vs mean = 46.6%, 95% CI = 40.8% to 52.4%, P = .025) and moderate mre11-GFP expression (P = .044) compared with vector control (Figure 3, I ).
Effect of MRE11 Overexpression on Anchorage-Independent Growth In Vitro and Tumor Growth in Vivo in Mice
In an anchorage-independent assay for colony formation in vitro, mre11-overexpressing mCF-7 cells had an increased colony formation in soft agar compared with vector control (high mre11 vs vector at day 15, 2 × 10 4 cells seeded, mean number of colonies = 1448, 95% CI = 1236 to 1659, vs mean number of colonies = 246, 95% CI = 184 to 309, P < .001) (Figure 4, A) .
to further confirm the association of mre11 expression with tumor formation in vivo, we used a NoD/SCID mouse xenograft model where mCF-7 cells with high mre11 expression or vector control were injected into the mammary fat pads of female mice (n = 8 per group) for growth of orthotopic breast tumors. tumor growth was statistically significantly increased in the high mre11 expression group compared with vector control (tumor volume at week 7, control vs mre11-overexpressing tumor, mean = 147.7 mm (Figure 4, B) .
Effect of MRE11 Knockdown on Cell Migration and Invasion In Vitro
Directed migration of cells in vitro, measured in a wound-healing assay as the percentage of wound closure 24 hours after the wound was made, showed a reduced motility in mDA-mB-231 cells with mre11 knockdown compared with that of vector control cells (mean wound closure = 16.7%, 95% CI = 13.6% to 19.8% vs mean wound closure = 75.4%, 95% CI = 69.1% to 81.7%, P < .001) ( Figure 5, A) . In matrigel-covered transwell assay, mDA-mB-231 cells with mre11 knockdown showed attenuated cell invasion after 48 hours of incubation compared with vector control cells (mean number of cells = 1850, 95% CI = 1484 to 2216 vs mean number of cells = 5180, 95% CI = 4288 to 6072, P = .002) (Figure 5, B) .
A critical event in cancer cell migration and invasion is the degradation of extracellular matrix (eCm), and the expression of mmPs is necessary for eCm degradation and metastasis (42, 43) . We examined the levels of secreted metastasis-associated mmP proteins (mmP-2 and mmP-9) by gelatin zymography and found that the levels were markedly suppressed in the supernatant of mDA-mB-231 cells with mre11 knockdown compared with the vector control (P = .004 for mmP-2; P = .005 for mmP-9) (Figure 5, C) . In contrast, mre11 overexpression promoted mCF-7 cell motility and wound closure at 48 hours after wound was made compared with vector control (mean wound closure = 68.2%, 95% CI = 52.1% to 84.4% vs mean wound closure = 38.9%, 95% CI = 28.7% to 49.1%, P = .002) (Figure 5, D) . mre11-overexpressing mCF-7 cells also showed enhanced cell invasion compared with vector control cells after 48 hours of incubation (mean number of cells = 64.3, 95% CI = 46.7 to 82.0 vs mean number of cells = 41.3, 95% CI = 39.7 to 42.9, P = .047) (Figure 5, e) . the secretion of mmP-2 and mmP-9 after 48 hours of incubation was also increased in the supernatant of mre11-overexpressing cells compared with vector control cells (P = .015 for mmP-2; P = .001 for mmP-9) (Figure 5, F) .
Effect of MRE11 Overexpression on DNA Repair
When DSBs are generated, the mrN protein complex is recruited to the sites of the DNA lesions, which induces the activation of ataxia telangiectasia mutated, a kinase that phosphorylates several downstream targets such as histone h2AX (known as γh2AX) Figure 4 . Effect of MRE11 overexpression on anchorage-independent colony information in vitro and xenograft tumor growth in vivo. A) Anchorage-independent colony formation of MCF-7 cells carrying MRE11-GFP (low, moderate, and high expression levels) was determined by soft agar assay after culture for 15 days. Colonies were stained with crystal violet. Representative images (2 × 10 4 cells seeded) from three independent experiments are shown. The bar graphs represent the mean number of colonies with 95% confidence intervals (error bars). P values were calculated using a two-sided Student t test. Scale bar = 30 μm. B) An orthotopic breast tumor model was developed by injecting female nonobese diabetic/ severe combined immunodeficient (NOD/SCID) mice with MCF-7 cells with MRE11-GFP overexpression or vector only (n = 8 mice per group). Tumor volumes were calculated using a standard formula. Mean tumor volumes with 95% confidence intervals (error bars) are shown. P values were calculated using a two-sided Student t test.
JNCI | Articles 1497 jnci.oxfordjournals.org (44) (45) (46) . Immunoblotting results showed that mDA-mB-231 cells with mre11 knockdown had a reduced expression of rAD50 and NBS1, whereas mCF-7 cells overexpressing mre11 had increased expression (Supplementary Figure 5, A and B, available online) . upon γ-irradiation treatment, both mre11-GFP and endogenous mre11 were phosphorylated, and pretreatment with phosphatase reduced the level of phosphorylated protein, which was determined by immunoblotting (Figure 6, A) . We also did an immunofluorescence assay for γ-h2AX foci (an indicator of DSB severity) and mre11-GFP repair foci after γ-irradiation treatment, and the result showed that γ-h2AX foci and mre11-GFP foci colocalized in the nuclei after γ-irradiation (Figure 6 , B, and Supplementary  Figure 6 , available online). the absence of γ-h2AX foci at 24 hours after γ-irradiation is associated with the completeness of DSB repair (Supplementary Figure 6, available online) . the time course of γ-h2AX foci formation in mre11-overexpressing mCF-7 cells and vector control cells after γ-irradiation treatment was also analyzed. the γ-h2AX-positive cells increased dramatically at 15 minutes after irradiation in both mCF-7-mre11 and control cells ( Figure 6 , C and Supplementary Figure 6 , available online). A statistically significant decrease in γ-h2AX-positive cells was observed in mre11-GFP-overexpressing mCF-7 cells at 3, 6, and 24 hours after irradiation compared with vector control cells (P = .001, P < .001, and P = .030, respectively) ( Figure 6, C) . these results were consistent with γ-h2AX expression pattern by immunoblotting analysis (Figure 6, D) . from three independent experiments is shown. P values were calculated using a two-sided χ 2 test. D) Effect of MRE11 overexpression on wound healing. MCF-7 cells with MRE11-GFP overexpression or vector control were grown in a monolayer; a wound was made and cells were allowed to migrate to the denuded area for 24 hours. The mean percentage of wound closure with 95% confidence intervals (error bars) from three independent experiments is shown. P value was calculated using a two-sided χ 2 test. Scale bar = 200 μm. E) Effect of MRE11 overexpression on cell invasion. Invasion of MCF-7 cells with MRE11-GFP overexpression through transwell inserts was assessed 48 hours after incubation. The mean number of invasive cells with 95% confidence intervals (error bars) from three independent experiments is shown. P value was calculated using a two-sided χ 2 test. Scale bar = 100 μm. F) Effect of MRE11 overexpression on MMP secretion. MCF-7 cells with MRE11-GFP overexpression were grown, and conditioned medium was collected after 48 hours to assess the level of secretion of MMP-2 and MMP-9 by gelatin zymography analysis. The secretion of MMP-2 and MMP-9 in vector cells was taken as 100%. The mean relative percentage of secretion with 95% confidence intervals (error bars) from three independent experiments is shown. P values were calculated using a two-sided χ 2 test. KD = knockdown; OE = overexpression; MMP = matrix metalloproteinase. DSB repair activity was also assessed by the neutral comet assay; this assay detects DNA DSBs and fragmented DNA and presents a "comet" appearance of the nuclei when exposed to an electric field (35) (36) (37) . the tail moment (ie, length) is proportional to the DNA damage. the mean tail moments of mre11-GFP-overexpressing cells and vector alone cells were similar at 15 minutes after γ-irradiation (Figure 6, e) . the mean tail moments of mre11-GFP-overexpressing cells were statistically significantly reduced compared with those of vector control cells at 3, 6, and 24 hours after irradiation (P < .001, P = .002, and P < .001, respectively) ( Figure 6, e) .
the dynamics and colocalization of γ-h2AX and mre11-GFP in mre11-GFP-overexpressing cells upon γ-irradiation is shown in Supplementary Figure 6 (available online). Weak punctate mre11-GFP and γ-h2AX foci began to form and colocalize at 15 minutes, and they gradually increased at 1 and 3 hours after irradiation. Although mre11-GFP foci continued to exist and their colocalization with γ-h2AX foci reached a maximum at 6 hours after irradiation, a decrease of γ-h2AX foci also started at this time point. At 24 hours after irradiation, homogenous mre11-GFP distribution and complete absence of γ-h2AX were observed.
Next we analyzed apoptosis by tuNeL staining 3 days after 10-Gy γ-irradiation. We observed that apoptosis was statistically significantly lower in mre11-GFP-overexpressing mCF-7 cells compared with vector control cells (mean tuNeL-positive cells = 27.4%, 95% CI = 22.2% to 32.7% vs mean tuNeL-positive cells = 41.8%, 95% CI = 36.4% to 47.3%, P = .001) (Figure 6, F) .
Furthermore, we assessed the effect of mre11 overexpression on radiosensitivity or radioresistance of mCF-7 cells in vitro. the cell survival curves determined by colony-forming assay demonstrated that mre11-GFP-overexpressing mCF-7 cells exhibited higher colony formation (indicating radioresistance) with increasing dose of radiation compared with vector control cells (Figure 6 , G). A colony survival analysis showed a statistically significantly increased survival of mre11 overexpressing cells compared with control (at 1-Gy γ-irradiation: control vs mre11 overexpressing, mean = 69.4%, 95% CI = 66.5% to 72.3% vs mean = 89.2%, 95% CI = 80.7% to 97.6%, P = .012; at 5-Gy γ-irradiation: control vs mre11 overexpressing, mean = 7.2%, 95% CI = 5.0% to 9.4% vs mean = 29.7, 95% CI = 21.6% to 37.7%, P = .006; at 10-Gy γ-irradiation: control vs mre11 overexpressing, mean = 1.7%, 95% CI = 0.8% to 2.5% vs mean = 4.9%, 95% CI = 3.0% to 6.8%, P = .004). the results suggest that mre11 overexpression contributed to DNA damage repair in irradiated cells.
Discussion
Analysis of clinical samples in this study showed that high mre11 expression in breast cancer cells was associated with malignant behavior; higher levels of mre11 expression were associated with higher recurrence rates, lymph node metastasis, resistance to radiotherapy and chemotherapy, and decreased patient survival, compared with lower levels of expression. In vitro studies using breast cancer cell lines showed that mre11 overexpression promoted cell proliferation, cell cycle entry (S and G2/m phases), invasion and migration, and resistance to ionizing radiation via enhanced DNA repair activity. We also found that activation of StAt3 was involved in mre11-mediated increased cell proliferation. mre11 knockdown in breast cancer cells suppressed cell proliferation, induced cell cycle arrest, and showed increased apoptosis. Increased tumor growth was observed in an orthotopic breast tumor model in mice.
Previous studies have documented the role of mre11 in cell survival and proliferation, yet it is only recently that the detailed mechanism and genetic involvement of mre11 in human cancers has begun to emerge (22) (23) (24) . In human malignancies, genetic mutations in MRE11 are relatively rare, whereas aberrant expression of mre11 is more frequent (47, 48 ). In our current study, we aimed to clarify the phenotypic associations of aberrant mre11 expression in breast cancer, first by corroborating levels of mre11 expression and phenotype behavior in a clinical study and second by investigating the underlying molecular mechanisms in in vitro studies using breast cancer cells. this study demonstrated that mre11 high-expression phenotypes in breast cancer tissues were statistically significantly associated with malignant cancer behavior. three distinct roles of mre11 were found in breast tumor cellsproliferation via activation of StAt3, DSB repair facilitating radioresistance, and tumor cell invasion and migration via mmP-2 and mmP-9. these experimental findings provide a possible molecular and γ-H2AX foci (red). MCF-7 cells with MRE11-GFP overexpression were treated with 10 Gy IR and were immunostained for γ-H2AX. The foci for MRE11-GFP and γ-H2AX were observed under fluorescence microscope. The localization of MRE11-GFP and γ-H2AX in the nucleus of MRE11-GFP-overexpressing MCF-7 cells is shown. Scale bar = 10 μm. C) Effect of MRE11 overexpression on the dynamic change of colocalization of MRE11-GFP foci and γ-H2AX foci. MCF-7 cells with MRE11-GFP overexpression and vector control were treated with 10 Gy IR and immunostained for γ-H2AX, and the foci for γ-H2AX were analyzed. Mean γ-H2AX foci positive cells with 95% confidence intervals (error bars) from three independent experiments are shown. P values were calculated using a two-sided Student t test. D) Effect of MRE11 overexpression on the kinetic change of γ-H2AX level. MCF-7 cells with MRE11-GFP overexpression and vector control were treated with 10 Gy IR, and immunoblot analysis was done to determine the level of γ-H2AX. The blot is representative of three independent experiments. ACTB was used as the protein-loading control. E) Effect of MRE11 overexpression on the kinetic change of DNA comet tail moments (DNA double-strand breaks). MCF-7 cells with MRE11-GFP overexpression and vector control were treated with 10 Gy IR. Comet tail moments were determined by neutral comet single-cell gel electrophoresis and observed under a fluorescence microscope. At least 50 consecutive cells were quantified per sample. Representative images of cells without or with comet tail are shown. Mean tail moments with 95% confidence intervals (error bars) from three independent experiments are shown. P values were calculated using a two-sided Student t test. Scale bar = 25 μm. F) Effect of MRE11 overexpression on apoptosis. TUNEL staining of MCF-7 cells with MRE11 overexpression and vector control was analyzed at 72 hours after 10 Gy IR exposure. One-thousand cells were counted for positivity for each stain. The mean percentage of TUNEL-positive cells with 95% confidence intervals (error bars) from three independent experiments is shown. P values were calculated using a two-sided Student t test. G) Effect of MRE11 overexpression on clonogenic survival. The colony-forming efficiency of MCF-7 cells with MRE11 overexpression and vector control was analyzed at 14 days after IR exposure. Clusters of at least 50 cells were scored as colonies, and all the colonies on the culture dish were counted. Representative images of MRE11 overexpression and vector control by colony-forming assay were shown. Mean survival time with 95% confidence intervals (error bars) from three independent experiments is shown. P values were calculated using a two-sided Student t test. OE = overexpression; p = phosphorylated; IR = ionizing irradiation. explanation for the observed mre11 phenotype behaviors of breast cancers studied in the clinical setting. more importantly, they may have therapeutic implications in terms of prognostic markers, treatment stratification, and molecular targets for both radiosensitization and inhibition of tumor cell proliferation.
Because mrN complex plays an important role in forming DSB repair foci, high expression of mre11 within tumor cells would be hypothesized to allow increased DSB repair and confer radioresistance, leading to increased local recurrence and diminished rates of patient survival (49) . our study supports this hypothesis and clearly indicates that breast cancer patients with mre11 high expression in cancer tissues had increased recurrence rates and decreased overall and disease-free survival after radiotherapy and chemotherapy. the importance of mre11 expression is further highlighted by the fact that after adjusting for stage, age, er and Pr status, and mre11 expression in multivariable Cox regression analyses, only tumor stage, er status, and mre11 expression were statistically significantly associated with patient survival.
one other important finding from Kaplan-meier survival curves was that the group with both mre11 high expression and er − status had the lowest overall survival and disease-free survival. this subgroup selects patients who are both resistant to chemotherapy and radiotherapy and not amenable to treatment with hormonal therapy. thus, mre11 high expression and er − status may act as a profound marker of poor multimodal therapeutic response and consequently a predictor of decreased survival.
Conversely, some clinical studies on mre11 phenotypes in human cancers have suggested an association between high mre11 expression and improved survival rates in bladder cancer, colorectal cancer, and breast cancer (39, 48, 50) . Because of differences in cell types, patient inclusion criteria, treatment modalities, definition for mre11 expression as well as the comparison of mre11 expression with normal or cancer tissues, it is difficult to validly compare these studies. Discrepancy in clinical studies may be explained instead by differing endpoints, such as local vs distant recurrence, but also in the methods of quantification of mre11 and definition of low and high expression (39, 50) . At present there is no standard method or definition for mre11 expression, and care must therefore be taken in interpreting clinical studies. Furthermore, the only other study investigating mre11 in breast cancer failed to show any relationship of mre11 with local recurrence but only with distant recurrence (39) . this also differs from the observed therapeutic effect of radiotherapy in breast cancer, as locoregional rather than distant control is exerted.
the findings in this study demonstrate that overexpression of mre11 in breast cancer cells leads to cell proliferation through activation of StAt3 signaling and the downstream effectors including CCND1, BCL2L1, c-myC, CDK4, and CDK6. however, these effects can be prevented by Stattic, a specific inhibitor of StAt3. Furthermore, treatment of mre11-overexpressing breast cancer cells with Stattic results in increased apoptosis. these results indicate that mre11 is a potential molecular target for breast cancer therapy.
Second, this study demonstrates the role of high mre11 expression in DSB repair and associated radioresistance. In the clinical part of this study, we identified that one of the significant poor prognostic factors in determining clinical outcomes after radiotherapy and chemotherapy was high levels of mre11 expression. In the corresponding in vitro experiment, mre11 high expression showed an improved DSB repair and cell survival upon γ-irradiation treatment. In agreement with our results, previous reports also demonstrated that inherited or acquired mre11 deficiency leads to inhibition of DSB repair, followed by radioand chemosensitivity in normal as well as cancer cells (51) (52) (53) (54) (55) (56) . Delineating the mechanisms behind tumor radioresistance may allow stratification of treatment options based on mre11 expression levels, as well as potentially permitting molecular targeting to increase radiosensitivity (50) .
third, another important role that high mre11 expression may play in breast tumor cells is the ability to invade and migrate and hence facilitate metastasis. In the clinical part of the study, high mre11 expression in breast cancer tissues was statistically significantly associated with lymph node metastasis. Consistent with this finding, mre11-overexpressing cells had an enhanced ability of migration and invasion through activation of mmP-2 and -9. moreover, mmP-2 and mmP-9 promoters have been found to directly interact with StAt3, and activation of the StAt3-mmP axis has been shown to promote invasiveness and metastasis of cancer cells (57) (58) (59) . thus, in this study, it is likely that the activation of StAt3-mmP-2 or StAt3-mmP-9 axis is also responsible for mre11-mediated enhanced migration and invasion. to the best of our knowledge, this is the first report showing the influence of mre11 on cancer cell metastasis, and further studies are required to dissect the underlying mechanism.
In conclusion, high mre11 expression in breast cancer cells was associated with a more malignant cancer cell behavior in vitro and in vivo, poor response to radiotherapy and chemotherapy, and a poor survival in breast cancer patients. In this context, mre11 should be regarded as an oncoprotein for breast cancer. the underlying molecular mechanisms of mre11 in breast tumors demonstrated in this study have a number of important clinical implications and offer a number of novel therapeutic targets. First, specific inhibitors of StAt3 such as Stattic may reduce proliferation of breast tumors, particularly in high mre11 expression groups. Second, stratification of breast cancers into mre11 low and high expression groups may allow identification of tumors that are particularly radiosensitive and suitable for adjuvant or neoadjuvant radiotherapy. Last, mre11 may be a great prognostic marker in breast cancer, as we have shown that mre11-high and er − tumors have a highly statistically significant decrease in overall and disease-free survival.
the present study has a number of limitations. Although the similarity of the clinical phenotype with the in vivo mouse xenograft model provides insights into the possible mechanisms underlying the role of mre11 in malignant cell behavior, it may not fully represent the clinical mechanisms in humans. Perhaps more importantly, a standardized approach for clinical assessment of mre11 expression in breast cancer is required in order to provide a more reproducible method of phenotype stratification and for reliable interpretation of clinical studies. We would recommend that future clinical studies adopt the same criteria and methods for mre11 expression levels that we have suggested in this study. 
